Copper-metallized gallium nitride (GaN) high-electron-mobility transistors (HEMTs) using a Ti/Pt/Ti diffusion barrier layer are fabricated and characterized for Ka-band applications. With a thick copper metallization layer of 6.8 µm adopted, the device exhibited a high output power density of 8.2 W/mm and a power-added efficiency (PAE) of 26% at 38 GHz. Such superior performance is mainly attributed to the substantial reduction of the source and drain resistance of the device. In addition to improvement in the Radio Frequency (RF) performance, the successful integration of the thick copper metallization in the device technology further reduces the manufacturing cost, making it extremely promising for future fifth-generation mobile communication system applications at millimeter-wave frequencies.
Device Fabrication
From the top to the bottom, the epitaxial layer structure of our device consists of an AlGaN barrier layer, an AlN spacer layer, the GaN channel layer, a thick GaN buffer layer and the SiC substrate. The device process can be divided into four major parts including the ohmic contact, mesa isolation, gate formation and thick copper metallization. First, the fabrication process started with ohmic contact forming. The ohmic region was defined by the mask aligner using the photoresist; then, deposition of the Ti/Al/Ni/Au multilayer was conducted by e-gun evaporation, followed by the lift-off process. The multilayer metal was then annealed at 850 • C for 30 s in an N 2 ambient environment by a rapid thermal annealing system (RTA). The device mesa isolation was then performed, which defined the active region by lithography; then, an inductively coupled plasma (ICP) machine was used with Cl 2 in an Ar ambient to etch the AlGaN and GaN layer for around 180 nm. For device gate formation, two-step e-beam lithography with spatial offset techniques were applied to achieve the Γ-gate structure and small gate length. A 100 nm SiNx passivation layer was deposited through plasma-enhanced chemical vapor deposition (PECVD). Then, the ditch for the gate stem was fabricated by e-beam lithography and SiNx etching by ICP. The second e-beam lithography pattern shifted 100 nm away from the previous location, which formed an overlap region. The size of the overlap region eventually determined the device gate length, which was around 90 nm in this study. To further enhance the gate controllability and improve the device transconductance, gate recess was performed. The gate metal deposition was then formed by Ni/Au metal stacks, followed by a lift-off process. Finally, a 100 nm SiNx layer was deposited with the nitride via the fabricated device pad region.
The thick copper metallization process started with triple photoresist coating using AZ5214E to reach a minimum thickness of 9 µm for a thick copper lift-off process. Then, exposure and development were carried out to define the pattern. Finally, the thick metal stacks with Ti (30 nm)/Pt (40 nm)/Ti (10 nm)/Cu (6800 nm) structure and thickness were deposited by e-gun evaporation. Ti layers were used to enhance the adhesion ability between Pt and ohmic as well as the adhesion of Cu-Pt interface in this study [13] [14] [15] . Figure 1 shows the overall epitaxial configuration and the device structure. The scanning electron microscope (SEM) image of the gate was also included in the figure. The source-to-drain distance of the device was 2 µm with the gate positioned at the center. The schematic of thick copper metallization technology and the SEM image of thick copper metallization cross-section are shown in Figure 2 .
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Results and Discussions
The two-port network analysis method with a small signal model was used to analyze the relationship between the drain-source current (IDS) and the transconductance (Gm) versus source resistance and drain resistance. The DC and RF measurement results of devices with and without thick copper metallization were then compared. By utilizing load-pull measurement methodology, output power and power-added efficiency (PAE) characteristics could be obtained [16] . The impact of gate width on the device performance are then able to be discussed.
Two-Port Network Analysis
With a two-port network, the small signal model of the AlGaN/GaN HEMT device can be depicted as in Figure 3 [17, 18] . Utilizing the y-parameter analysis, the drain-source current (IDS) and the transconductance (Gm) of the device can be derived as:
It is apparent from Equations (1) and (2) that the decrease of RS' and RD' results in the increase of IDS and Gm levels. 
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DC Characteristics
The contact resistance for devices with and without thick copper metallization was measured through the transmission line method (TLM). Figure 4 shows the measurement results. The least squares regression method was adopted to find the best fit for the sets of measured data points. As expected, linear behavior was obtained, and the intersecting points with the vertical axis were extracted as the contact resistance. It was observed that the contact resistances of the samples with (green line) and without (red line) thick copper metallization were 2.5 × 10 −6 Ω·cm 2 and 1.7 × 10 −6 Ω·cm 2 , respectively, leading to a difference in metal resistance of 0.96 Ω between the cases with and without thick copper metallization.
To evaluate the effect of the thick copper metallization on device performances, a test device with a total gate periphery of 40 μm-which was composed of two fingers, with each finger of 20 μm in length-was fabricated. The DC characteristics, including current-voltage (IDS-VGS) relationship and the transfer curve (Gm-VGS) of the device with and without thick Cu metallization, are plotted in Figures 5 and 6 , respectively. As observed, the device without thick copper metallization exhibited an IDS of 1010 mA/mm and a maximum Gm of 350 mS/mm at VDS = 10 V. For the device with thick copper metallization at VDS = 10 V, the measured IDS was 1110 mA/mm and the maximum Gm was 380 mS/mm. Such improvement in the DC characteristics was mainly attributed to the reduction in the source and drain parasitic resistance contributed by the thick copper metallization. Figure 7 shows the comparison of DC I-V curves for the device with and without thick copper metallization. The onresistance (RON) was extracted to be 1.53 Ω·mm for the device with thick copper metallization and 1.67 Ω·mm for the device without thick copper metallization. It is apparent from Equations (1) and (2) that the decrease of R S and R D results in the increase of I DS and G m levels.
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To evaluate the effect of the thick copper metallization on device performances, a test device with a total gate periphery of 40 μm-which was composed of two fingers, with each finger of 20 μm in length-was fabricated. The DC characteristics, including current-voltage (IDS-VGS) relationship and the transfer curve (Gm-VGS) of the device with and without thick Cu metallization, are plotted in Figures 5 and 6, respectively. As observed, the device without thick copper metallization exhibited an IDS of 1010 mA/mm and a maximum Gm of 350 mS/mm at VDS = 10 V. For the device with thick copper metallization at VDS = 10 V, the measured IDS was 1110 mA/mm and the maximum Gm was 380 mS/mm. Such improvement in the DC characteristics was mainly attributed to the reduction in the source and drain parasitic resistance contributed by the thick copper metallization. Figure 7 shows the comparison of DC I-V curves for the device with and without thick copper metallization. The onresistance (RON) was extracted to be 1.53 Ω·mm for the device with thick copper metallization and 1.67 Ω·mm for the device without thick copper metallization. To evaluate the effect of the thick copper metallization on device performances, a test device with a total gate periphery of 40 µm-which was composed of two fingers, with each finger of 20 µm in length-was fabricated. The DC characteristics, including current-voltage (I DS -V GS ) relationship and the transfer curve (G m -V GS ) of the device with and without thick Cu metallization, are plotted in Figures 5 and 6 , respectively. As observed, the device without thick copper metallization exhibited an I DS of 1010 mA/mm and a maximum G m of 350 mS/mm at V DS = 10 V. For the device with thick copper metallization at V DS = 10 V, the measured I DS was 1110 mA/mm and the maximum G m was 380 mS/mm. Such improvement in the DC characteristics was mainly attributed to the reduction in the source and drain parasitic resistance contributed by the thick copper metallization. Figure 7 shows the comparison of DC I-V curves for the device with and without thick copper metallization. The on-resistance (RON) was extracted to be 1.53 Ω·mm for the device with thick copper metallization and 1.67 Ω·mm for the device without thick copper metallization. Figure 8 shows the comparison of the measured small-signal performance for the cases with and without thick copper metallization. The measurement was performed using a vector signal analyzer in an on-wafer probing system up to 67 GHz. With the DC bias set at the maximum transconductance, the unit-current-gain cutoff frequency (fT) and the maximum oscillation frequency (fmax) were also extracted for the extrinsic device without de-embedding. As observed, the fT (fmax) of the device with thick copper metallization was 42 GHz (115 GHz) compared to that of 32 GHz (100 GHz) for the device without thick copper metallization.
RF Characteristics
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On-wafer load-pull characterization (continuous mode) was also performed to investigate the power performance at 38 GHz using an automatic tuning system; the measurement results for the device without and with thick copper metallization are shown in Figures 10 and 11 , respectively. The output power and power-added efficiency (PAE) were compared at 3-dB gain compression with respect to the small-signal gain. With the drain bias set at 20 V, the gate bias for the device with thick copper metallization was set at −2 V and that for the one without thick copper metallization was −1.7 V. The corresponding quiescent drain current was 21 mA for the device with thick copper metallization and 19 mA for the one without thick copper metallization, with both being close to Class A operation. The measured power density and PAE for the device with thick copper metallization were 5.9 W/mm and 28.7%, compared to those of 4.5 W/mm and 24.8%, respectively, for the one without thick copper metallization. As mentioned, for operation at millimeter-wave frequencies, the skin effect would force the current to flow on the surface of the interconnects, leading to the limitation of the effective area for current distribution, which in turn gives rise to the effective resistances at RF frequencies. Such effect could be even worse at higher frequencies since the skin depth is inversely proportional to the square root of the operating frequency. This is the major reason that the conductor loss is always dominant for planar circuits. Apparently, utilizing thick copper metallization in the device fabrication process provides a straightforward solution to such problem. From the measurement results of the 2 × 20 μm test device, it is obvious that performance improvements in the DC characteristics, the small-signal gain and the large-signal power/PAE are achieved. On-wafer load-pull characterization (continuous mode) was also performed to investigate the power performance at 38 GHz using an automatic tuning system; the measurement results for the device without and with thick copper metallization are shown in Figures 10 and 11 , respectively. The output power and power-added efficiency (PAE) were compared at 3-dB gain compression with respect to the small-signal gain. With the drain bias set at 20 V, the gate bias for the device with thick copper metallization was set at −2 V and that for the one without thick copper metallization was −1.7 V. The corresponding quiescent drain current was 21 mA for the device with thick copper metallization and 19 mA for the one without thick copper metallization, with both being close to Class A operation. The measured power density and PAE for the device with thick copper metallization were 5.9 W/mm and 28.7%, compared to those of 4.5 W/mm and 24.8%, respectively, for the one without thick copper metallization. As mentioned, for operation at millimeter-wave frequencies, the skin effect would force the current to flow on the surface of the interconnects, leading to the limitation of the effective area for current distribution, which in turn gives rise to the effective resistances at RF frequencies. Such effect could be even worse at higher frequencies since the skin depth is inversely proportional to the square root of the operating frequency. This is the major reason that the conductor loss is always dominant for planar circuits. Apparently, utilizing thick copper metallization in the device fabrication process provides a straightforward solution to such problem. From the measurement results of the 2 × 20 μm test device, it is obvious that performance improvements in the DC characteristics, the small-signal gain and the large-signal power/PAE are achieved. As mentioned, for operation at millimeter-wave frequencies, the skin effect would force the current to flow on the surface of the interconnects, leading to the limitation of the effective area for current distribution, which in turn gives rise to the effective resistances at RF frequencies. Such effect could be even worse at higher frequencies since the skin depth is inversely proportional to the square root of the operating frequency. This is the major reason that the conductor loss is always dominant for planar circuits. Apparently, utilizing thick copper metallization in the device fabrication process provides a straightforward solution to such problem. From the measurement results of the 2 × 20 µm test device, it is obvious that performance improvements in the DC characteristics, the small-signal gain and the large-signal power/PAE are achieved.
Experimental Study of the Effect of Gate Width on the Device Performance
Based on the previous conclusions, we have fabricated and characterized the devices with different gate peripheries, namely, 2 × 25 µm and 2 × 15 µm, with thick copper metallization. The corresponding results of the large-signal performance characterized using on-wafer load-pull system at 38 GHz are shown in Figures 12 and 13 for the 2 × 25 µm and 2 × 15 µm devices, respectively. As shown, the device with larger gate periphery (2 × 25 µm) exhibited a power density of 7.7 W/mm at the maximum output power and the peak PAE was measured to be 36% (at the corresponding power level of 6.2 W/mm). As for the device with total gate width of 2 × 15 µm, we obtained a slightly higher power density of 8.2 W/mm at the maximum output power and the peak PAE was measured to be 26% (at the corresponding power level of 7.0 W/mm). The higher PAE achieved for the device with larger gate width of 2 × 25 µm was mainly due to the higher gain resulting from the reduction of the parasitic resistance associated with the device. Table 1 lists the performance comparisons of our devices with previously published works at the Ka band. As observed, the device exhibited the power density performance comparable to the state-of-the-art device technologies.
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Conclusions
In this study, the copper metallization technique for GaN HEMT devices operating at millimeter-wave frequencies has been realized. Thick copper metallization contributes to the reduction of R S and R D and alleviates skin effect under high-frequency operation, which in turn improves the DC and RF characteristics of the devices. Experimental verifications revealed that the device with 2 × 15 µm gate width exhibited a record-high maximum output power density of 8.2 W/mm, which is the highest among the state-of-the-art published results at the Ka band. Such superior results have proven the feasibility of integrating thick copper metallization in the device process and make it promising for next-generation wireless communication system applications.
